V entricular tachycardia (VT) is a marker for increased mortality and reduces quality of life in patients who have implanted defibrillators and structural heart disease. 1, 2 Catheter ablation is helpful in reducing recurrent VT in many patients, but the procedure fails acutely in 10% to 20% of patients, and overall approximately half of patients in multicenter trials will experience at least 1 VT recurrence after ablation. [3] [4] [5] [6] The presence of inducible monomorphic VT after ablation is associated with worse outcomes. 3, 7 The reason for acute ablation failure is sometimes difficult to assess and often not reported. Inability to identify the VT focus and achieve ablation, likely related to anatomic obstacles, is a potentially important cause. The frequent presence of multiple VTs and inability to clearly separate those that have previously occurred spontaneously, designated "clinical VTs," from other inducible VTs complicate assessment of the acute effect of ablation. The aim of this study is to identify causes for acute ablation failure as indicated by persistent inducibility of a clinical or presumed clinical VT. We also related this short-term result to outcome during follow-up.
Methods Patient Selection
From 2002 to 2010, 518 consecutive patients (84% male, 62AE14 years) with structural heart disease underwent first ablation for sustained VT at our institution, and they constitute the study population. We classified underlying cardiomyopathy as ischemic cardiomyopathy, dilated cardiomyopathy, arrhythmogenic right ventricular (RV) cardiomyopathy (ARVC), hypertrophic cardiomyopathy, cardiac sarcoidosis, valvular heart disease, or congenital heart disease, as previously described. 8 Each patient gave written informed consent. Studies and data collection were performed according to protocols approved by the Human Research Committee of Brigham and Women's Hospital.
Electrophysiological Study
Ventricular mapping and radiofrequency ablation were performed with saline-irrigated or nonirrigated 8-mm-tip catheters as previously described. 9 Electroanatomic mapping was performed with the CARTO mapping system (Biosense Webster). Bipolar electrocardiograms (ECGs) were band pass filtered from 30 to 500 Hz and digitally recorded along with a 12-lead surface ECG by using the Cardiolab EP system (General Electric Healthcare). Electrogram amplitudes of ≤0.5 mV were defined as dense scar and voltages of >0.5 mV and of ≤1.5 mV as scar borderzone. 10 Programmed stimulation for initiation of VT used 1 to 3 extrastimuli scanned to refractoriness or a minimum coupling interval of 180 ms, applied after a basic drive of 600 ms and then 400 ms from 2 RV sites. Isoproterenol was used if VT was exercise related and usually in ARVC. Ablation targeted all clinically relevant VTs, which were defined as sustained monomorphic VTs that had a longer or equivalent cycle length compared with documented spontaneous VT. VTs of shorter cycle lengths were targeted at the discretion of the investigator. Hemodynamically tolerated VTs were mapped and ablated during VT. Target sites for ablation were reentry circuit isthmus sites based on entrainment mapping (pacing entrained the VT with concealed fusion and a postpacing interval within 30 ms of the VT cycle length) or, if none were identified, sites with an isolated mid-diastolic potential or presystolic ECGs.
Electroanatomic mapping for unstable, "unmappable" VTs was performed during sinus rhythm. Ablation targeted presumptive channels and exits within the low-voltage area as identified from a paced QRS morphology similar to the VT QRS morphology, wide fractionated potentials, or isolated late potentials during sinus or paced rhythm where pacing captured, particularly if the S-QRS interval was >40 ms, consistent with abnormal conduction. Furthermore when these sites were adjacent to a valve annulus or region of electrically unexcitable scar, ablation lesions were extended to the unexcitable area in the hope of dividing reentry circuit paths. 11 When possible, we assessed ECGs and entrainment at the initial sites of interest with initiation of a short episode of VT. This was particularly attempted when initial substrate ablation failed to abolish inducible VT. If no lowvoltage area was identified, ablation was attempted at the likely exit region identified as sites with presystolic ECGs during VT or where pace-mapping resembled the VT QRS.
Applications were repeated at target areas until unipolar pacing at 10 mA at 2-ms stimulus strength failed to capture. 12 If endocardial ablation failed, percutaneous epicardial mapping and ablation were performed as previously described, 13 provided that epicardial access could be achieved at the same or a subsequent procedure. Epicardial ablation via subxiphoid epicardial window or surgical ablation could be considered in patient who had a history of cardiac surgery rendering pericardial access more difficult.
14,15
Definitions and End Points Multivariate analyses used logistic regression analysis to assess predictors of ablation failure. A 0.10 level of significance was used for variable entry and removal from the stepwise models. The following variables were included as candidates for entry into the stepwise models: ischemic cardiomyopathy, VT storm: defined as ≥3 episodes of VT within 24 hours, history of prior VT ablation, number of VT morphologies induced, and New York Heart Association (NYHA) functional class III or IV. Survival curves were created and compared using the Kaplan-Meier method, and probability estimates were based on the log-rank test. Cox proportional hazard models were used to assess predictors of outcomes. The following variables were included: age, left ventricular (LV) ejection fraction, ischemic cardiomyopathy, NYHA class III or IV, renal insufficiency, VT storm, number of failed antiarrhythmic drugs, history of prior VT ablation, and ablation failure. Significance was defined as P<0.05. All 518 patients were included in multivariable and survival analyses. In pairwise comparison among 3 groups, a P value of 0.05/3 (equivalent to a Bonferroni-adjusted [3 tests] P value of 0.05) was considered significant. Statistical analyses were performed using SPSS, version 20.0 (IBM). The authors had full access to the data and take full responsibility for the integrity of the data.
Results

Baseline Characteristics
The acute procedure outcome was classified as a failure in 52 (10%) and a success in 383 (74%), and postablation attempts to reinduce VT were not performed to avoid aggravating hemodynamic status in 83 (16%) patients. The patients who did not have a postablation attempt to reinduce VT had more advanced disease (Table 1) . Compared with the success group, the failure group had a greater number of prior failed ablation procedures, more patients with a history of VT storm, longer total fluoroscopic times, but shorter total radiofrequency ablation time (Table 2) . Of 518 procedures, over time (before versus after January 2005), acute failure decreased from 14% to 9% (P=0.09), use of an irrigated catheter increased from 44% to 90% (P<0.001), and use of epicardial ablation increased from 7% to 15% (P=0.01). The incidence of acute ablation failure did not differ according to underlying heart disease (9% [28/314] 7% [1/14] in congenital heart disease, and 12% [3/26] in valvular heart disease; overall P=0.33). LV and RV substrate maps were performed in 440 (85%) and 264 (51%) patients, respectively. The proportion of patients with LV and RV scar who had persistent inducibility of the clinical VT were similar (11.4% versus 10.6%, P=0.98).
Failure According to Endocardial and Epicardial Ablation
A flow chart indicating causes of acute ablation failure is shown in Figure 1 . Endocardial mapping with or without ablation was performed but failed to abolish clinical VTs in 115 (22%) patients; endocardial ablation lesions were applied but failed in 93; endocardial mapping was performed but no ablation lesions applied due to absence of a target site in 21 patients and a para-His VT site in 1 patient. Epicardial mapping was performed in 78 patients. A successful epicardial ablation site was identified in 49 and an attempt to reinduce VT was not performed in 14, leaving 52 (10%) patients with acute failure defined as persistently inducible clinical or presumptively clinical VT. In 13 patients, both endocardial and epicardial mapping failed to identify a target site, suggesting that the circuit was intramural. In 2 patients, ablation was not performed at epicardial sites close to a coronary artery and phrenic nerve, respectively. In the latter case, pacing at the epicardial exit site stimulated the left phrenic nerve. Although an effort was made to separate the phrenic nerve by distending a 30-mm vascular balloon inflated in the pericardial space adjacent to the ablation catheter, phrenic capture was still present underneath the balloon. Radiofrequency ablation at adjacent endocardial sites where there was no phrenic nerve stimulation failed to influence the inducible VT. In 37 patients, epicardial ablation was not performed after failed endocardial ablation. In 9 patients, a septal origin was suspected based on the following findings: entrainment showed the closest identifiable ablation site to be part of inner or outer VT loops in 5 patients, earliest endocardial activation was seen on the septum in 7 patients, and VT could be terminated by ablation on the septum but remained inducible afterward in 7 patients (Figure 2) . One patient had a septal para-His VT origin that was not ablated to avoid the risk of AV block. In 27 (52%) patients, the VT circuit may have been epicardial or intramural. Epicardial access was not attempted in favor of further drug trials as per patient or physician preference in 10 patients. Overall attributed causes of failure are shown in Figure 3 : intramural free wall origin in 13, intramural intraseptal origin in 9, possible intramural or epicardial without epicardial mapping in 27, and protecting structure (His bundle, coronary artery, phrenic nerve) in 3 patients.
Of the 203 patients who had a history of prior cardiac surgery (coronary artery bypass graft in 124, other cardiac surgery in 40, and both in 39), 30 patients were suspected to have an epicardial VT circuit. Of those, percutaneous epicardial access was attained successfully in 10 patients, a surgical subxiphoid pericardial window was used in 3 patients, and percutaneous epicardial access failed in 2 patients and was not attempted in 15 patients.
Outcomes
Patients with ablation success were more likely to have antiarrhythmic drug doses reduced or discontinued compared with patients after acute ablation failure (42% versus 23%, P=0.01) ( Table 3) . b-Blockers were usually continued and were not significantly different between those with and without ablation failure (P=0.64).
After ablation, VT recurred in hospital in 22 (42%) of patients with acute failure of ablation. Overall, the 30-day mortality was 3.2% (17/518) and was due to uncontrollable VT/ventricular fibrillation (VF) with progressive hypotension or cardiac arrest in 11 patients, sepsis after cardiac surgery in 2 patients, and multiorgan failure in 4 patients ( Table 4) . The 30-day mortality rate of 8% was due to the patients (4/ 52) who had with failed ablation as a result of uncontrollable VT/VF. All 518 patients were included in survival analyses (Figures 4 through 7) . All-cause mortality (P<0.001, Figure 4 ) and VT recurrence within 1 year (P<0.001, Figure 5) were greater in the patients with ablation failure than in those with ablation success. In the patients who did not have a postablation attempt to reinduce VT, all-cause mortality (P<0.001, Figure 4 ) and 1-year recurrence (P=0.08, Figure 5 ) rates were greater than in those with ablation success, although the latter did not reach statistical significance. Neither mortality nor VT recurrence was significantly different between the patients with mappable VT only and those with at least 1 unmappable VT (Figures 6 and 7) . In Cox multivariable analysis, ablation failure was an independent predictor of mortality (hazard ratio 1.945, 95% CI 1.217 to 3.108, P=0.005, Table 5 ) and VT recurrence within 1 year (hazard ratio 1.731, 95% CI 1.139 to 2.631, P=0.01, Table 6 ).
Repeat Ablation Procedures
Repeat ablation procedures were performed in 155 (30%) patients (Table 7) . Success rates in repeat procedure among the groups were similar (P=0.90). Of 52 patients with acute ablation failure, repeat ablation procedures were performed in 24 patients; additional advanced ablation procedures were performed using epicardial ablation via subxiphoid surgical window in 6, transcoronary ethanol ablation in 5, and surgical ablation via a thoracotomy in 2. The epicardial ablation and advanced procedures were more frequently performed in the patients with prior ablation failure. Of the 13 patients with additional advanced ablation procedures, clinical VT was abolished in 12 (92%). One year after an advanced ablation procedure, freedom from VT was achieved in 69% (9/13) of the patients.
Discussion
There are several potential reasons for failure of VT ablation. Ablation can fail if VT is not inducible for mapping and the substrate cannot be defined to allow ablation to be targeted. In these patients, however, it is not possible to clarify anatomic obstacles to ablation, and with substrate-guided approaches, the acute outcome of the procedure is often uncertain. Therefore, we evaluated only those patients in whom a clinical or presumptive clinical VT was inducible and further characterized the reasons for ablation failure in those with persistently inducible VT despite ablation. To our knowledge, this is the first study to focus on the causes of acute failure of VT ablation. Procedural failure occurred in 10% of patients and was associated with adverse outcomes.
Epicardial or intramural VT origins were the major causes for endocardial ablation failure. Although epicardial approaches are extremely useful for many patients, obstacles remain; failure occurs when the substrate is intramural or protected by adjacent structures. Although the risk of coronary occlusion from ablation procedures is low, occurring in 0.09% of >4000 patients in our previously reported series, 17 ablation in the coronary sinus and its branches or in the epicardium poses a potential risk of coronary injury. With epicardial ablation, the left phrenic nerve, which descends anterolaterally over the area of the left ventricle to insert in the diaphragm behind the cardiac apex, is also at risk. 18 Anatomic proximity to the nerve can be detected by pacing with high stimulus strength. 18 The phrenic nerve can usually be protected by injecting saline or air injection into the pericardium or placement of a balloon catheter between the ablation site and the nerve, although we were not able to achieve this in 1 patient in this series. 19, 20 Percutaneous epicardial access cannot be achieved in all patients, particularly those with prior cardiac surgery. Intramural substrate was also an important cause of failure. It should be recognized, however, that the presence of intramural VT substrate and origin was largely inferred from the absence of endocardial and epicardial targets, with the closest sites identified suggesting an intramural location. In those patients who did not have epicardial mapping, we cannot distinguish an epicardial source from an intramural source.
In addition to conventional catheter ablation, other advanced approaches, such as epicardial ablation via subxiphoid epicardial window, 14 transcoronary ethanol ablation, 22, 23 and surgical ablation, 15 could be considered to address these anatomic obstacles. Irrigated needle-tipped electrode catheters are also under investigation. 24, 25 Favorable success rates in repeat advanced procedures including epicardial approaches further supported our thesis that anatomic limitation is a major cause of initial failure. Many studies have described outcomes related to acute ablation results. 3, 26, 27 Cardiac death was independently predicted by acute ablation failure in patients with electrical storm. 5 In several studies, the absence of inducible VT did not reliably predict freedom from recurrent VT during followup. 6, 28 Healing of ablation lesions, changing antiarrhythmic medications after ablation, and variable reporting of clinical and other inducible VTs are likely factors that make the relation of acute outcome to chronic outcome difficult to assess. In the present study, we attempted to focus on a relatively clear ablation failure end point of an inducible clinical or presumptive clinical VT. Ablation failure by this definition predicted mortality and VT recurrence within 1 year. Early mortality after ablation is often due to incessant VT/VF, which might reflect ablation failure to control VT, although a proarrhythmic effect cannot be excluded in some patients.
Limitations
Most VT recurrences were documented by implantable cardioverter-defibrillator ECGs rather than 12-lead ECGs, 1 year after catheter ablation in the patients with mappable VT only and those with at least 1 unmappable VT. All 518 patients were included in this survival analysis. P value is from the log-rank test. VT indicates ventricular tachycardia. limiting ability to assess whether recurrent VT was the same as the previous clinical VT, compared with a different VT. Although freedom from any VT is a convenient objective endpoint, a reduction in the burden of VT is also clinically important. Assessing VT burden in our referral population is, however, difficult. As noted earlier, failure due to intramural locations is largely inferred from mapping data, but it can be argued that potentially successful endocardial or epicardial sites were simply missed during mapping in some cases. There are likely important anatomic differences between different forms of heart disease that may be identified in larger cohorts.
Conclusions
Anatomic constraints and perceived inability to protect adjacent structures still limit catheter ablation procedures for VT. Persistent inducibility of clinical or presumptive clinical VT after ablation is associated with worse clinical outcome. Data are presented as meanAESD or n (%). Additional advanced procedures included epicardial ablation via subxiphoid surgical window, transcoronary ethanol ablation, and surgical ablation via a thoracotomy.
